Abstract Numerous hydromorphological assessment methods have been developed in different countries during recent decades, with notable differences in their aims, scales, and approaches. Although these methods are increasingly applied to support river management, the strengths and limitations have been insufficiently investigated. This review of 121 methods analyses hydromorphological assessment methods dating from 1983 to 2013, identifying their main strengths, limitations, gaps, the potential to integrate different approaches, and the need for further improvements. For this purpose methods have been grouped into four categories: (1) physical habitat assessment; (2) riparian habitat assessment; (3) morphological assessment; (4) assessment of hydrological regime alteration. Seventeen categories of information covering general characteristics, recorded features and river processes encompassing over 90 features were recorded for each method reviewed, allowing a comparative analysis of the four assessment categories. The main gap in most methods is insufficient consideration of physical processes. Thus, an integrated hydromorphological analysis is recommended, where the morphological and hydrological components are the key parts to classify hydromorphological conditions. Additional physical and riparian habitat methods strengthen the link with ecological conditions.
Introduction
In recent decades, hydromorphology has been developed as an umbrella discipline that links hydrology and geomorphology. It places the consideration of physical stream characteristics and processes at the centre of river management and restoration (Newson and Large 2006; Vaughan et al. 2009 ). Within Europe, it has developed rapidly and numerous methodologies have been proposed following the introduction of the EU Water Framework Directive (WFD; European Commission 2000). To assess and monitor all European water bodies, the WFD requires incorporating hydromorphology, in particular the hydrological regime (i.e. quantity and dynamics of water flow and connection to groundwater bodies), river morphology (i.e. channel dimensions and mobility, river bed structure and substrate calibre, and the structure of the riparian zone), and river continuity. Hydromorphological assessment can be defined to evaluate and classify both hydrological and geomorphological stream conditions. It includes those methods and procedures that identify and characterize hydromorphological features to assess river conditions. The many existing methods vary widely in terms of their concepts, aims, spatial scales, collected data and therefore their applicability.
Towards the end of the 20th century, hydromorphological assessment mainly focussed upon occurrence and spatial configuration of physical habitats (e.g., Platts et al. 1983; Plafkin et al. 1989; Raven et al. 1997 Raven et al. , 2002 . This because physical habitats were recognised as an important component in ecological studies aimed at explaining distributional patterns of organisms, and the composition and structure of biological communities . During the last decade, it has been recognised that broader river condition assessments are needed that go beyond an inventory of physical habitats by including ''pressure'' or ''response'' variables with a stronger emphasis on river dynamics and processes (Fryirs et al. 2008) . However, merging the full range of disciplinary approaches necessary to assess river conditions (hydrology, geomorphology, water quality, biology, ecology) in a costeffective and integrated way, remains a challenge.
There have been a number of recent reviews of hydromorphological assessment methods that emphasise river habitat characterization (e.g., Weiss et al. 2008; Fernández et al. 2011) , and there have also been attempts to standardise these habitat-based methods (CEN 2002; Parsons et al. 2004 ). However, many new promising methods employing a wider range of geomorphological concepts and approaches have been proposed in the last decade. Moreover the need and wish to apply assessment methods of hydromorphology has expanded rapidly following the adoption of the WFD. Indeed hydromorphological assessment is now carried out by many public agencies or subcontracted to consultancies, particularly within the European Union as a part of WFD implementation. Nevertheless often there is still insufficient awareness of the limitations and strengths of different methods, and how they should be integrated to ensure a comprehensive assessment.
In response to these needs, an extensive review analysis of existing hydromorphological methods (Rinaldi et al. 2013b ) has been carried out in the context of restoring rivers for effective catchment management (REFORM; http://www.reformrivers.eu/), a collaborative EU project targeted to develop guidance and tools to make river restoration and mitigation measures more cost-effective. The review widened the scope compared to recent published reviews that mainly focussed on river habitat characterization (Raven et al. 2002; Mc Ginnity et al. 2005; Weiss et al. 2008; Fernández et al. 2011) . It extended Fernández et al. (2011) , who reviewed 55 mainly habitat-based assessment methods that have been developed worldwide, by incorporating a total of 121 methods. It identified the main strengths, limitations and gaps in existing methods, and proposed future directions for hydromorphological assessment. It also touched on methods specifically developed and applied in Europe, in relation to the implementation of the WFD. The review did not aim to discuss the scientific principles nor the concepts that underlie hydromorphological and river condition assessments, since these have already been reviewed recently (e.g. Fryirs et al. 2008) , but it aimed to compare and discuss methods in a critic way, starting from the knowledge and expertise of the authors. The paper summarises the main outcomes of Rinaldi et al. (2013b) .
Scope of the review
The range of application of the methods considered in this review varies from those applicable to small, wadeable streams to those suited to relatively large, non-wadeable rivers. It is restricted to physics-based assessments, i.e. methods that address all or some of the physical elements required for a hydromorphological evaluation. Therefore, methods for the assessment of longitudinal fish continuity are not included, as they have a biological focus, although they were included in the broader review of Rinaldi et al. (2013b) . It also excludes physical habitat simulation models and environmental flows methods, as they differ in structure and approach from the truly hydromorphological (i.e. hydrological and geomorphological) assessments considered here. Indeed, habitat simulation and environmental flow methods aim to identify habitats and flow requirements, respectively, needed to achieve or maintain a specified river condition (Arthington 1998; King et al. 2008) , rather than to directly assess hydromorphological condition, alteration and pressures. For some examples of habitat modelling approaches see Rinaldi et al. (2013b) , and for environmental flows refer to Arthington (1998) , King et al. (2008) and to the recent review of Poff and Zimmerman (2010) .
The 121 methods reviewed, are listed in Table 1 .
Categories of methods
An initial inspection of these hydromorphological methods revealed four broad categories of assessment, although a sharp delineation is difficult and some overlap between types inevitably exists. These were identified based on the main focus and objectives of each method, which were reflected in the spatial scale of application ( Fig. 1 ): physical habitat assessment (PH), riparian habitat assessment (RH), morphological assessment (M) and assessment of hydrological regime alteration (HRA). A temporal trend is apparent in the development and application of different approaches (Fig. 2) . The earliest assessment methods started to appear at the beginning of the 1980s. Until the end of the 1990s, proposed methods can mainly be described as physical habitat survey procedures. This first phase reflects the progressive development of river restoration techniques, which initially consisted of rather small-scale, localised interventions for habitat improvement. The introduction of the WFD marked a notable increase in the number of new methods developed in Europe, but most of these continued to be physical habitat surveys. Only in recent years, a significant increase in morphological and hydrological methods occurred, as a consequence of the increasing need to use catchment-wide and process-oriented approaches for implementing river restoration projects.
Methods for physical habitat assessment
This category includes methods and protocols for the survey, characterisation, and classification of physical habitat elements which can be described as river habitat surveys or physical habitat assessments (e.g., Platts et al. 1983; Plafkin et al. 1989; Raven et al. 1997; Ladson et al. 1999; National Environmental Research Institute 1999; LAWA 2000 LAWA , 2002a . These focus mainly on instream habitats or microhabitats, but generally they also include some consideration of riparian habitats. Methods that aim to evaluate the overall functioning of the stream (e.g., method 39; Table 1 ) by including information on ecology-related features are also included in this category, although they are not strictly habitat survey methods. Seventy-three physical habitat assessment methods were identified, illustrating that this type of assessment remains the most common approach for assessing the hydromorphological state of a river (Table 1 ; Fig. 2 ).
Methods for riparian habitat assessment
Riparian zones are an integral component of riverine systems, since their lateral and vertical structures depend upon hydromorphological processes. However, the development of specific methods for assessing riparian conditions is relatively recent (Fig. 2) . Some indicators of riparian conditions are often included in one of the other types of assessment methods, but this particular category consists of methods that are specifically designed for the characterisation of habitats in the riparian zone (e.g., Munné and Prat 1998) , including some assessments of wetland Table 1 ). Fifteen riparian habitat methods were identified (Table 1) .
Methods for morphological assessment
This category includes methods with the following distinctive characteristics differing from the category of physical habitat assessment: (1) they make a broader evaluation of river conditions including assessing channel forms, geomorphic adjustments, and human alterations; (2) the spatial scale is typically the 'reach' scale, i.e. a variable length with sufficiently homogeneous morphological characteristics and boundary conditions. Following the development of physical habitat assessment methods, this type of broader assessment of river conditions has emerged, particularly during the last decade (Fig. 2) . In this regard, Fryirs et al. (2008) suggest that a clear distinction should be made between a river audit and a river condition assessment. A river audit permits assessment of river status by generating information on the presence and frequency of physical habitats and their characteristics. A river condition assessment is a broader evaluation which places greater emphasis on physical processes, and aims to measure both pressure and response variables (i.e. hydromorphological and biological indicators) as a basis for developing a clearer understanding of the cause-effect relationships that regulate observed changes in system conditions. The 'morphological assessment' category contains methods that can be described as river condition assessments. A total of 22 methods were identified (Table 1) .
Methods for the assessment of hydrological regime alteration
This category encompasses a further, independent, group of methods that produce hydrological assessments, particularly the development of specific indicators of hydrologic alteration (IHA) (method 118; Table 1 ; Richter et al. 1996; Poff et al. 2003) , which can support assessments of the alteration of the natural hydrological regime. The output of these assessments is usually an index of the degree of deviation from unaltered conditions. As previously noted, the related environmental flows methods are not included in this review because their specific aim is an evaluation of flow requirements for aquatic ecosystems and species, rather than a direct assessment of the flow regime and its alterations (Arthington 1998; King et al. 2008; Poff and Zimmerman 2010) . A total of 11 hydrological methods were identified (Table 1) .
Methodology
Each method was analyzed, drawing mainly on information found in scientific papers and, where available, technical reports. In some cases, additional information was requested from authors or practitioners who were directly involved in the development or use of specific methods.
The type (category) of each assessment method was identified, and then (a) the characteristics of the method, (b) the features that were recorded, and, when appropriate, (c) the river processes that were assessed, were extracted. The types of extracted information are summarised in Table 2 (a more detailed description is reported in Rinaldi et al. 2013b) . The way in which these three main types [(a)-(c)] of information were collected, differed slightly across the different assessment categories. In particular, information regarding the HRA methods differed from the first three categories (i.e., PH, RH, M): (a) Method characteristics. These concerned data collection methods or sources (e.g., field survey, remote sensing, etc.); the type of method (e.g., qualitative characterisation, assessment by a quantitative index); whether the method makes use of some type of reference conditions; the spatial scale of the assessment, including the zones of the river corridor that were surveyed; and the temporal scales of investigation. There are several approaches used to define reference conditions, including: (1) empirical data from reference sites; (2) historical information (i.e. some historical state is assumed as a reference condition); (3) modelled reference; (4) theoretical reference; (5) based on expert judgement; (6) based on the historic range of variability or evolutionary sequence and ergodic reasoning (Brierley and Fryirs 2005) . For hydrological assessment methods, additional information was collected concerning the predictive ability of the assessment, whether methods make a direct link to ecology, and the particular strengths of a method (i.e., ease of application, ability to use variable data series lengths, ability to be applied both to gauged and ungauged catchments, inclusion of an assessment of pressures a priori). (b) Recorded features. These represent the core of the review, since they highlight differences between the categories of assessment. In the case of physical habitat, riparian habitat, and morphological assessment, they comprise lists of hydromorphological features recorded in various portions of the river corridor (instream, banks, riparian areas, floodplain). For the hydrological assessment methods, these include metrics of hydrological characterisation, alteration and pressures. (c) River processes. These are only relevant to the first three categories of assessment, and provide information on whether any specific physical river process is included in the evaluation (e.g., longitudinal, lateral and vertical continuity, bank processes, channel adjustments).
A comparative analysis of hydromorphological assessment methods
Based upon the characteristics, information, and, where relevant, river processes incorporated within each assessment, the following sections provide a summary of the properties of the assessment methods within each of the four categories (physical habitat, riparian habitat, morphological, hydrological regime alteration). The percentage of methods within each category covering the different characteristics, recorded features and river processes is summarised in Methods for physical habitat assessment Most physical habitat assessments are based on extensive field surveys. Maps and remote sensing techniques are also frequently used for preliminary reconnaissance of the river and to allow for reach delineation.
Seventy-eight percent of physical habitat assessment methods generate one or more indices that evaluate hydromorphological condition. These indices are usually derived from the inventory of recorded features (e.g., 12, 31; note numbers refer to methods listed in Table 1) , although some methods also aim at evaluating the overall functioning of the stream (6 % of methods) by including information on ecology-related features (e.g., method 39; Table 1 ). Some form of reference conditions are also explicitly incorporated in 58 % of the reviewed methods. The spatial scale of most physical habitat assessments is rather small, coinciding with what might be described as a site scale, i.e. a river length in the order of a few 100 m. The longitudinal length of each site or reach may be either fixed (e.g., 500 m) or variable, in the latter case the length reflects larger-scale characteristics (e.g., geology and climate, presence of longitudinal discontinuities, etc.). All reviewed methods focus on the channel; most include the river banks and riparian areas; but \75 % extend to the surrounding floodplain. Concerning their temporal scale, all reviewed methods assess the present state of the river at the time of survey, while very few include information on recent or historical river conditions (45; Table 1 ).
Channel features usually include channel dimensions, dominant bed sediment size and composition, channel forms and geomorphic units (e.g., number of riffles and pools), and artificial features (e.g., dams, weirs, culverts, deflectors, etc.). The physical structure of the banks and the presence of artificial elements are the most commonly recorded features of riverbanks and riparian zones. Land use and the presence of fluvial forms (e.g., oxbow lakes, wetlands) are the most commonly recorded floodplain features. Information on large-scale catchment and valley characteristics is rarely included, and hydrological information is only provided to characterize the condition at the time of the survey (e.g., estimation of discharge). However, in some countries (e.g., Australia), the hydrological assessment is more detailed and considers several properties of the river regime (e.g., Ladson et al. 1999; Parsons et al. 2004) .
In relation to river processes, longitudinal and lateral continuity are often assessed based on the presence of artificial features, while only 12 % of methods include some consideration of channel adjustments (i.e. widening/ narrowing, aggradation/degradation).
Methods for riparian habitat assessment
As for physical habitats, the assessment of riparian habitats is mainly undertaken using extensive field assessment protocols, while the use of maps and remote sensing is rare ( Fig. 3 ; Table 2 ; but see method 87, Table 1 ).
The assessment approach varies, ranging from the use of indices or quality classes to the application of inventory protocols often including sampling of vegetation community composition (e.g., 75, 84; Table 1 ). A relatively low proportion (40 %) of the methods makes explicit use of reference conditions (e.g., 87; Table 1 ).
Riparian habitat assessment is usually undertaken at the reach scale, which is larger than the site scale that is generally employed in river habitat assessments. The area or length that is surveyed is variable and has relatively homogenous vegetation characteristics. Similar to physical habitat assessment, the temporal scale of investigation is restricted to the time of the survey.
In terms of the recorded features, these methods focus on banks and riparian zones. About 50 % of the investigated methods record channel features, and mainly focus on the width of the channel in relation to vegetated areas such as islands and vegetated bars, and artificial features. The vegetation features most commonly assessed include vegetation structure, species coverage, and species composition, with a special emphasis on the presence and abundance of non-native species (particularly in European methods). Some methods place emphasis on the temporal dynamics of vegetation pattern (i.e. evidence of vegetation regeneration, for example, in terms of the presence of seedlings).
Most of the methods evaluate longitudinal and lateral vegetation continuity which provides insights into the lateral connectivity between the riparian area and its river and floodplain. Only a small proportion attempts to relate the riparian habitat to physical processes.
Methods for morphological assessment
As for the previous categories, field survey is the predominant method of data-gathering, but morphological assessments make more extensive use of remote sensing data and maps (73 %, Fig. 3 ; Table 2 ).
Morphological methods are mainly used for: (1) an evaluation framework of river conditions (e.g., 97, 103; Table 1); (2) an assessment supported by one or more indices (e.g., 102, 110; Table 1 ); or (3) an assessment directed towards restoration design (e.g., 92; Table 1 ). Some methods provide a risk assessment of existing pressures rather than an analysis of morphological conditions (e.g., 104; Table 1 ). In some cases, the assessment provides a morphological characterisation that is included in broader protocols for evaluating the river or watershed conditions (e.g., 96, 99; Table 1 ). Lastly, some morphological methods are used in combination with the assessment of other ecosystem components to provide an evaluation of the overall river conditions (Healey et al. 2012) . 64 % of methods include the use of reference conditions.
Compared to the previous categories, morphological assessment is generally carried out at a larger spatial scale, which could still be termed the reach scale, i.e. a length in the order of a few km with sufficiently homogeneous morphological characteristics and boundary conditions. In most cases ([80 %), the assessment concerns the entire river corridor (i.e. channel, banks, riparian zones, and floodplain). In a temporal context, a larger proportion of these methods take account of recent and historical channel adjustments through the use of maps and remote sensing.
Compared to physical habitat methods, the assessment of channel features is more focussed on channel pattern and physical variables, but less on the survey of instream habitats (e.g. instream vegetation, large wood accumulations, flow types). Although some characterisation of bed sediment is incorporated within most methods, relatively few methods attempt to evaluate substrate structure alterations such as armouring and clogging (or embeddedness) (see methods 105, 109, 110; Table 1 ). Bank morphology, artificial features in the riparian zone, and floodplain forms and features are considered to some extent by most of the morphological methods. More than 80 % evaluate hydrological alterations, although usually only in qualitative terms.
Many also include some consideration of river processes, including sediment transport (for continuity), bank erosion, and channel adjustments. Fig. 3 Analysis of a method characteristics, b recorded features, c processes incorporated in the reviewed physical habitat (PH), riparian habitat (RH), and morphological (M) assessment methods. For abbreviations see Table 2 Environ Earth Sci (2015) 73:2079-2100 2089
Methods for the assessment of hydrological regime alteration
The main characteristics of this category of assessment are summarised in Fig. 4 and Table 2 . This type of assessment mainly involves the processing of existing hydrological data series or the use of modelled data. Numerical models are required when data are not available or to fill gaps in incomplete data series (e.g., 120; Table 1 ). Maps and remote sensing can be used to support the evaluation of human pressures at the catchment scale or for characterising the river or catchment (50 % of methods). Field measurements of river discharge may be included in the assessment (e.g., 115; Table 1), particularly for ungauged reaches (e.g., 120; Table 1 ).
Most of the methods produce a final single index or multiple indices. Given their predictive ability, some are used to build scenarios for evaluating the success of restoration or the impact of specific river changes (e.g., 117; Table 1 ). Reference conditions are often used, and consist of undisturbed or pre-impact conditions based on existing data or on modelling results (64 and 27 %, respectively).
The spatial scale of application varies widely from the reach (the most common scale) to the segment (i.e. a macro-reach of tens of km) or to the entire catchment.
Forty-six percent of methods link explicitly with ecological components. For example they may assess the ecological response to changes in the hydrological regime in order to evaluate the present ecological status (114; Table 1 ).
Concerning the recorded features, almost all make use of river discharge data. In the cases where field data are required, cross-sections, flow velocity and depth are generally measured (e.g., 115; Table 1 ). Some methods (e.g., 112; Table 1 ) also combine watershed land use characteristics (e.g., coverage, density) with hydrological data. Almost all are based on the five main components of the flow regime: discharge magnitude, frequency, duration, timing, rate of change (Richter et al. 1996; Poff et al. 2003) . Some also evaluate temporal variability (i.e., annual/seasonal, inter-annual/climatic changes) (e.g., 116; Table 1 ).
In terms of assessed pressures, the effects of impoundments, water abstractions and diversions are commonly evaluated, while none of the reviewed methods assess the effects of hydro-peaking from power generation plants.
Strengths, limitations and gaps in assessments
Based on the above review of existing assessment techniques, this section identifies strengths and limitations within each of the four categories (Table 3) . This is supplemented by the authors' expert opinion on the pros and cons of the methods implemented and applied by EU countries within the context of the WFD.
Methods for physical habitat assessment
These methods have a number of strengths. They provide a framework within which habitat units can be efficiently inventoried and sampled, and so they are useful for characterising the range of physical habitats that are present, their heterogeneity and the contemporary physical structure Fig. 4 Analysis of a method characteristics, b recorded features incorporated in the reviewed methods of assessment of hydrological regime alteration (HRA). For abbreviations see Table 2 of ecosystems. Additionally, these methods often inventory some features of ecological relevance, which are not addressed within the other categories, such as the presence of refuge areas, organic matter, shading, etc. (e.g., 12, 40; Table 1 ). Therefore, they are potentially helpful in establishing links between morphology and ecological conditions and communities (e.g., supporting explanation of the distribution patterns of organisms, the composition and structure of biological communities or aspects of ecosystem functioning). Finally, some of these methods have been used quite widely across Europe (e.g., method 12, Table 1 , and similar procedures developed in other countries), allowing comparison of data and results from different regions. Nevertheless, physical habitat assessments have several shortcomings. First, these methods have long been considered to be equivalent to hydromorphological assessment, but they are now recognised to represent only one component of a hydromorphological evaluation, which is mainly the occurrence of habitats. Indeed, when physical habitat methods are used with the aim of understanding physical processes and causes of river alterations, they generally fail (e.g. Fryirs et al. 2008; Entwistle et al. 2011) .
More specifically, the spatial scale of investigation (i.e., the site scale of a few 100 m) is usually inadequate for the accurate diagnosis and interpretation of the causes of any morphological alteration. This is because physical site conditions commonly originate from processes and causes that operate at larger spatial scales (e.g., Frissel et al. 1986; Brierley and Fryirs 2005) .
Additionally, physical habitat assessment methods require very detailed site-specific data collection, such that their application to large numbers of water bodies may be impractical. These methods also make limited use of geomorphological approaches other than field surveys (Table 2; Fig. 3 ). The expansion of these assessments to incorporate remotely sensed data and GIS analysis would permit wider spatial and temporal scales of analysis, and more informative assessments. As a consequence, observations tend to be viewed in a static way, rather than placing them in the temporal context within which channel processes operate and river channels adjust. This primary limitation prevents the development of a sound understanding of hydromorphological responses to pressures (i.e. cause-effect relationships), which is essential for identifying and subsequently implementing appropriate rehabilitation actions (Kondolf et al. 2003; Fryirs et al. 2008) .
The use of reference conditions based on statistical analyses of empirical data is also questionable. Selection of a sufficient and representative number of reference sites can be problematic, given that many different morphological typologies should be represented. The choice of natural sites is also prone to errors, because sites without artificial elements could still be morphologically altered by disturbances occurring in other parts of the river network (upstream or downstream) or that may have occurred in the past. Moreover, these procedures tend to identify high status conditions with maximum morphological diversity for all types of rivers, failing to recognize that in some cases the natural geomorphic structure of a particular stream type may be very simple whereas in other cases it may be more complex (Barquín et al. 2011; Fryirs 2003) . Additional limitations can be identified in the way that physical habitat methods characterize channel forms and geomorphic units. These concern a notable gap in the terminology used to describe geomorphic units in most habitat surveys when compared to the present state of the art in fluvial geomorphology. For example, most refer only to riffles and pools when describing the configuration of the river bed, probably because most habitat survey methods have been developed to address small, single-thread, sandbed or gravel-bed rivers. As a result, there is incomplete consideration, for example, of the wide variety of bed morphologies found in steep, mountain, cobble-or boulderbed streams, where other geomorphic units may occur (cascades, rapids, glides, step-pools, etc.). Although considerable progress has been made recently in the description and terminology associated with geomorphic units found in mountain streams (e.g., Halwas and Church 2002; Comiti and Mao 2012) , this post-dates the development of most physical habitat assessment methods, and this progress has been insufficiently incorporated by updating these methods. The variety of bed morphologies found in large lowland rivers is also poorly incorporated (e.g., dune-ripple morphologies). Similarly, geomorphic units found in rivers with complex, transitional or multi-thread patterns (i.e., wandering or braided) are not adequately covered, although some effort has been made recently to represent some of these morphologies (including ephemeral or temporary streams typical of some Mediterranean regions in Southern Europe; e.g., 54, Table 1 ). In the case of large rivers with complex morphologies (e.g., many piedmont Alpine rivers), field surveys alone are inadequate to characterize channel forms and geomorphic units, and so the incorporation of remote sensing techniques is essential. Furthermore, considerable progress has been achieved recently in developing new procedures whereby the identification and analysis of individual landforms (geomorphic units) is set in a more appropriate spatio-temporal framework (e.g., Fryirs and Brierley 2013; Brierley et al. 2013) , but this type of approach has not been incorporated into any of the analysed methods.
Methods for riparian habitat assessment
Many of the strengths and shortcomings of physical habitat assessments also apply to riparian habitat assessments since they usually adopt a similar approach. However, riparian habitat assessments also have some specific strengths, since they integrate well with physical habitat assessments by extending their coverage from the river channel into the riparian zone, and also giving more emphasis to vegetation, particularly riparian vegetation. Therefore, they are extremely important in accomplishing a requirement of the WFD, which is to give consideration to vegetation as a key biological as well as hydromorphological element.
While most of these methods are based on field survey and some are still focussed on the site scale, others methods make use of other information sources and approaches (e.g., integrated use of remote sensing and field survey) and a larger spatial scale (reach) that can be integrated with other hydromorphological methods allowing an overall river condition assessment (e.g., 87; Table 1 ).
Despite these specific strengths, many riparian habitat assessments are essentially an inventory of habitats and vegetation conditions observed along a portion of river. As a result, there is limited consideration of the processes generating riparian conditions and the causes of alteration at larger spatial and temporal scales.
This type of assessment is not widely used yet. In the US, riparian assessment is often coupled with the assessment of wetland ecosystem functioning (e.g., 78; Table 1 ). In Europe, most methods have been developed in Mediterranean countries (e.g., Spain, Italy), where flashy flow regimes and ephemeral, multi-channel patterns (incorporating vegetated islands) are more frequent, determining a more complex riparian forest structure. This regional bias means that the validity of many of the techniques is uncertain if they were to be applied to other climatic, hydrological and morphological conditions. Additionally a regional bias could also exist in terms of human impacts (e.g., the predominance of water abstraction and sediment budget changes in southern European countries in comparison with the predominance of vegetation management/ removal and pollution in northern ones).
Methods for morphological assessment
Compared to the previous two categories, these methods make use of a more robust, geomorphologically based approach by integrating information drawn from remote sensing and field survey, with a stronger consideration of physical processes at appropriate spatial and temporal scales. Such an approach goes beyond an inventory of forms to support the development of a better understanding of cause-effect relationships.
In most cases the basic spatial unit for the application is the reach scale, commonly a few km in length, where reaches are identified in a geomorphologically meaningful way, as sections of river along which present boundary conditions are relatively uniform.
Additionally, some methods account explicitly for the temporal component by incorporating a historical analysis of channel adjustments to provide insights into the timing and causes of alterations and into potential future geomorphic changes (e.g., 110; Table 1 ). Understanding evolutionary trajectories and past changes is an important component when assessing contemporary river conditions. Morphological indicators should take account of how rivers have changed through time (Brierley and Fryirs 2005; Fryirs et al. 2008) .
Some of these strengths could also be interpreted to some degree as limitations. Physical processes are generally more difficult to assess than a simple inventory of existing forms. A rigorous evaluation of processes requires the collection of measurements at different times and process rates (e.g., bank erosion or deposition), quantitative modelling or analyses of changes in the process regime (e.g., alterations in sediment transport or water discharge regime), all of which are unlikely to be feasible within the context of a relatively rapid hydromorphological assessment. For practical reasons, recorded indicators of processes are thus often generated from a static visual assessment of the occurrence or not of active processes (observed in the field or based on remotely sensed information). In other cases, the evaluation is indirectly based on the presence of artificial elements, which are inferred to have significant impacts on some processes. For example, the simple presence of transverse structures is often assumed to alter sediment fluxes and continuity, without any quantitative evaluation of the magnitude of their effects. Even though some morphological assessment methods explicitly account for the temporal component by considering channel adjustments (i.e. changes of channel form through time), this analysis is often prone to errors because, it is difficult and requires specialist expertise, specific analyses (e.g., GIS analysis of channel planimetric changes), as well as high spatial and temporal resolution data. The definition of a reference state for morphological conditions is even more problematic than for the other categories. Some morphological assessments implicitly incorporate the assumption that the past state is a reference condition. However, where a more rigorous approach is attempted, a common vision of reference conditions is lacking (Bertoldi et al. 2009; Dufour and Piégay 2009; Rinaldi et al. 2013a ), leading to the application of nonharmonised definitions of reference conditions.
The focus of morphological assessments is generally on fluvial forms and processes at wider spatial and temporal scales than physical habitat assessment, but the vertical component of river continuity (i.e., the connection to groundwater) is still poorly considered (Table 2; Fig. 3 ). Limited attention is also given to a systematic inventory of the geomorphic units and assemblages that characterize a given morphology and are useful for ecosystem characterisation. The latter can be a severe limitation when morphological assessment is used alone.
Lastly, these methods evaluate morphological conditions exclusively in terms of physical forms or processes, without any inferences concerning their consequences or implications in terms of ecological state. This means that a high morphological quality is not necessarily related to a good ecological state, although this is most likely the case, since many authors suggest that functioning of physical processes and dynamic equilibrium promote ecosystem diversity and functioning (e.g., habitat heterogeneity; Tockner and Ward 1999; Rinaldi et al. 2013a ). However, a clear relation between some of the morphological indicators used in these methods and biological responses is currently lacking.
Methods for the assessment of hydrological regime alteration
The main strength of this category of assessment is that it makes use of well-defined indicators based on quantitative assessments, statistical analyses or physics-based models. For example, most methods employed within Europe are based on some or all of the IHA proposed by Richter et al. (1996) and Poff et al. (2003) .
The drawback is that such indicators and models generally require large data sets and long-time series, which are often not available. In particular, applying these methods to ungauged streams is problematic. If models are applied when data are not available or incomplete, the uncertainties that can affect the estimation should be carefully considered.
A further critical issue is defining the unaltered (natural) reference hydrological regime. This requires a sufficiently long, mostly non-existing data series from pre-impact conditions. Assuming that 'pre-impact' data series related to a particular intervention (e.g., dam construction) represent natural conditions is rarely appropriate, particularly in Europe where river systems and their hydrological regime have been affected over many centuries by numerous and continuing alterations at a catchment scale (Rinaldi et al. 2013c) .
IHA are usually based, at best, on daily discharges. This prevents the analysis of hydrological alterations that occur at shorter time scales, such as hydropeaking (as well as thermopeaking), that have very important effects on ecological communities (e.g., Paetzold et al. 2008; Person and Peter 2012) . Specific indicators or models for analysing hydropeaking are needed. Recent progress has been made to develop integrating approaches and key indicators to assess hydrological alterations due to hydropower impacts (e.g., Zolezzi et al. 2009; Meile et al. 2011 ). These should be incorporated to further improve hydrological assessment methods. Environ Earth Sci (2015 ) 73:2079 -2100 2093 Like other categories, the effects of groundwater alterations are generally not included apart from an indirect assessment through low-flow analyses. Groundwater systems are an important component of riverine ecosystems and methods are needed to incorporate them into assessments in a more detailed way.
Because of the above limitations, the practical use of these methods for supporting hydromorphological assessment is still modest. An alternative and more feasible approach might be an analysis of existing hydrological pressures, based on the presence and type of impacts and causes of alteration (e.g., 112, 121; Table 1 ). However, it can be extremely difficult to correctly evaluate the effects of a given pressure in the absence of a quantitative analysis of hydrological data. Merging of these two types of approach has been achieved in relation to developing environmental flow methods, but with the aim of defining flow requirements for the proper biological functioning together with the human needs (e.g., Arthington 1998; King et al. 2008) , rather than to assess regime alteration alone.
Methods implemented by EU countries in the context of the WFD Finally, specific focus has been put on the methods which have been formally approved or are commonly used (but without formal approval) by European countries to implement the WFD, because the choice of the methods and the outcome of the assessments strongly influences decisionmaking on ecological status and the need for rehabilitation programmes. A more detailed analysis of these methods is provided by Rinaldi et al. (2013b) . Each method is included in one of the previously defined categories (Fig. 5a ), revealing that physical habitat assessment methods prevail (31, 37, 38, 40, 44, 54, 60, 61, 64, 65, 68, 70, 73, 77; (Raven et al. 2009; Ferreira et al. 2011) has also been included within the physical habitat assessment methods, while the three different versions of the German method have been counted only once (the overall LAWA, corresponding to methods 31, 37, and 38 in Table 1 ).
In most EU countries (with the exception of France and Italy) physical habitat assessments are the only methods used for the hydromorphological assessment in the context of the WFD. The limitations of each category of methods have been previously discussed, but the following points summarise current general limitations in the application of hydromorphological assessment methods within the EU:
1. A lack of consideration of physical processes is the most important omission in currently used hydromorphological assessment methods. This omission limits development of a proper understanding of the causes of alterations and responses to them (i.e. cause-effect). Such an understanding is essential, if appropriate rehabilitation actions are to be implemented (Kondolf et al. 2003; Fryirs et al. 2008 ). 2. Although informative, physical habitat assessment is only one component of an overall hydromorphological assessment. At present, few EU countries attempt to incorporate other components into a fully integrated hydromorphological assessment. 3. There is also currently no integration of the physical (hydromorphological) aspects with other components (i.e. water quality, biology, ecology) to give a genuinely interdisciplinary approach to overall river condition assessment (Fryirs et al. 2008 ). 4. For future hydromorphological assessment and monitoring, a more integrated use of more components is required to achieve an overall assessment, and a stronger emphasis within hydromorphology on morphological and hydrological methods would be beneficial.
To place these EU WFD-related assessments into a broader context and allow a more general comparison of Fig. 5b . It confirms that the most widely used category of methods worldwide is the physical habitat assessment, followed by a recent increase in the development and application of more morphological methods. Exceptions are South Africa, where morphological assessments prevail, and Australia, where it seems that more interest is allocated to riparian habitats.
Concluding remarks and recommendations for future developments
Our analysis of hydromorphological assessment methods has built upon and extended existing reviews (Raven et al. 2002; Mc Ginnity et al. 2005; Weiss et al. 2008; Fernández et al. 2011 ) providing the following new insights. Most previous reviews have a specific focus on European methods (e.g., Raven et al. 2002; Weiss et al. 2008) , mainly aiming to support suitable method selection for WFD implementation. This paper started from a wider geographical perspective (similar to Fernández et al. 2011) , and subsequently focussed briefly on European WFDrelated assessments.
Earlier reviews focussed on physical habitat assessment often seen to be synonymous with hydromorphological assessment. This paper reviewed additionally three other assessment categories to identify the strengths and limitations of various approaches resulting in recommendations to further progress this area of assessment.
Acknowledging the identified limitations and gaps, future developments need to incorporate physical processes into hydromorphological assessment methods. This aspect is particular relevant for the more dynamic rivers with short-to mid-term habitat turnover. This can be achieved by a wider application of morphological methods to increase the capability to assess geomorphic processes rather than just physical habitat assessment. This asks for a spatio-temporal hierarchical framework with relevant units and scales, key factors and appropriate indicators to assess morphological processes and alterations.
Finally, we thus recommend developing a framework for integrated hydromorphological analysis, where the morphological and hydrological components (including vegetation as a morphological driver) are key parts to evaluate and classify hydromorphological state and quality. Moreover, to better diagnose the status of rivers and give guidance for improvement it is important to better tune this with assessment of other components, such as water quality, and ecology. In this respect, it is worth recalling that the various methodological categories reflect different conceptual approaches and disciplines (e.g., hydrology, geomorphology, biology), and that application of each specific approach requires training and background knowledge of the underlying principles. Application without the necessary background and skills could seriously limit adopting a truly integrated analysis of river ecosystems.
